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The compact Wedge Range Filter (WRF) proton spectrometer was developed for OMEGA and transferred to the National Ignition Facility (NIF) as a National Ignition Campaign diagnostic. The WRF measures the spectrum of protons from D- 3 He reactions in tuning-campaign implosions containing D and 3 He gas; in this work we report on the first proton spectroscopy measurement on the NIF using WRFs. The energy downshift of the 14.7-MeV proton is directly related to the total ρR through the plasma stopping power. Additionally, the shock proton yield is measured, which is a metric of the final merged shock strength. 
I. INTRODUCTION
The National Ignition Facility (NIF) is a 1.8 MJ 192 beam ignition-scale laser for inertial confinement fusion (ICF) experiments.
1 ICF requires proper assembly of the fusion fuel for ignition and burn. 2, 3 In particular, the cold DT (deuterium and tritium) fuel must reach a high enough areal density (ρR), which is primarily measured by the magnetic recoil spectrometer [4] [5] [6] [7] and neutron time of flight (nTOF) spectrometers. 8 Non-cryogenic experiments are conducted as part of the NIF tuning campaign, 9, 10 such as implosions to correct asymmetries in the radiation drive by measuring the compressed shape 11, 12 with x-ray self-emission imaging, and similar experiments 13 to measure the implosion velocity and remaining mass, and thus the implosion kinetic energy, with x-ray radiography. In these capsules, the cryogenic fuel layer is replaced with a surrogate mass of plastic (CH) and the capsules are filled with a D 2 + 3 He gas fuel mixture, which produces the fusion reaction D + 3 He → 4 He(3.6 MeV) + p(14.7 MeV) among others.
Of particular interest is the 14.7 MeV proton from D 3 He fusion. By measuring the proton spectrum, the energy lost while traversing the implosion is known, and thus the line- integrated mass and total ρR are determined. This technique has been used extensively on the OMEGA laser facility 14 to study implosion physics. 15, 16 Several Wedge Range Filter (WRF) spectrometers 17, 18 have been implemented at the OMEGA and NIF.
In ICF, a series of shocks are driven into the capsule by a specifically shaped laser pulse. The shock timing is tuned so that the subsequent shocks catch up to the first, coalesce, then collapse in the core before the peak compression of the capsule. This gives two distinct nuclear production times, hereafter referred to as "shock" and "compression". 16, 17, 19 Measurements of proton spectra during the shape and velocity tuning campaigns give important observables which are used to study the effects of implosion tuning; for example these data shed light on the in-flight mass profile and final merged shock strength, which impacts the hot-spot adiabat and shell deceleration. Additionally, these data could be systematically compared to radiation-hydrodynamics simulations in LASNEX (Ref. 
II. STOPPING POWER CALCULATIONS
To infer ρR from the energy loss we must calculate the stopping power for an energetic proton in a plasma. We use the Li-Petrasso stopping power model. 22 The simplest model assumes that all ρR comes from a spherical shell of carbonhydrogen (CH) plasma. At shock (compression) burn the con- vergence is low (high) and the shell is best represented by ρ = 10(100) g/cm 3 . In both cases the temperature is assumed T e = T i = 0.5 keV. The measured proton energy versus implosion ρR is calculated using this model and shown in Fig. 1 .
In reality, the in-flight ρR is composed of the nuclear fuel, remaining ablator material, and ablated mass. The fuel and ablated mass have much higher T e and lower ρ than the cold shell, and therefore lower stopping power. 22 This is particularly important during the shock phase, when the remaining shell can have only ∼50% of the total ρR, resulting in lower ρR for a given downshift compared to the spherical shell model (Fig. 1) . Using a radiation-hydrodynamics simulation from HYDRA, we construct a model where massaveraged ρ and T e are taken for each of the three regions (fuel, shell, ablated mass) from the simulation. The shell convergence is then artificially varied to generate a curve of downshifted proton energy versus ρR. The model uncertainty is 50% error bars in ρ and T e represented by the gray shaded region.
We assume that this stopping model accurately reflects capsule conditions within ±50% in ρ and T e (shaded region, Fig. 1 ). This error is added in quadrature with the precision of the WRF to give an absolute error in ρR. stopping powers, 23 which is a valid approximation according to integrated hydrodynamics calculations.
III. EXPERIMENTAL SETUP
The capsule fill is generally 30:70 atomic D: 3 He. The total laser energy used was between 1 MJ and 1.6 MJ, with varying pulse shapes due to ongoing ignition tuning. The hohlraum material was Au or DU; the hohlraum geometry was varied between 5.44 mm ("544") and 5.75 mm ("575") outer diameter. Figure 3 shows proton spectra measured on NIF shape tuning shot N110208, a 544 Au hohlraum, shot with 1.3 MJ total laser energy. The areal density measured on the pole (ρR = 65 ± 10 mg/cm 2 ) and equator (ρR = 68 ± 8 mg/cm 2 ) are equivalent within error bars. Therefore these data are consistent with a symmetric in-flight implosion during the shock burn. However, simulations indicate ρR = 77−85 mg/cm 2 at shock flash, suggesting that the implosion is at a larger radius (lower convergence) during the shock burn than predicted. This is also apparent as a difference in energy downshift, making it unlikely that the discrepancy can be explained by systematic ρR model uncertainties. Between 8−10 MeV on the equator we see additional proton production associated with the start of compression burn; these protons are downshifted more than the shock protons meaning they were produced later in time at higher ρR.
IV. DATA
The shock proton yield measured on the equator [Y p = (2.43 ± 0.44) × 10 8 ] is much higher than the polar measurement [Y p = (1.48 ± 0.35) × 10 7 ]. This is due to strong transverse magnetic or electric fields at the LEH which deflect protons measured at DIM (0,0) but do not affect equatorial measurements (see Fig. 2 ); time variation in the fields causes loss of compression protons on the pole. This is consistent previous experiments [24] [25] [26] at OMEGA. Using the equatorial measurement only, we compare to post-shot simulations that have Y p = 2.9 × 10 9 for this implosion, giving a yield over clean of ≈10%.
V. CONCLUSIONS
We report the first proton spectra measured on the NIF in D:
3 He gas-filled indirect-drive implosions using the compact WRF spectrometer. The spectral shape is used to infer the shock proton yield, a measure of shock strength, and the in-flight ρR at shock flash time. Compared to hydrodynamics simulations, the shock proton yield is lower than modeled by a factor of 10 and the in-flight ρR at shock flash is lower, implying less shell convergence by shock flash. The WRFs have recorded high-quality data on over 60 NIF shots, including more than 45 indirect-drive D:
3 He gas-filled implosions. Extensive future work is planned for the large WRF data set at NIF: implementing the particle time of flight (pTOF) diagnostic 27 to measure the shock bang time, developing an implosion model describing the complete proton spectrum, using a Guderley self-similar imploding shock solution 19, 28 to infer the final merged shock strength from the proton yield, studying the observed field-induced proton deficits through the LEH, and using occasional observed asymmetries between the WRF lines of sight will be systematically studied to infer the implosion shape, particularly for P 2 modes.
